Major histocompatibility complex (MHC) genes are highly polymorphic, which makes each MHC molecule different regarding their peptide repertoire, so they can bind and present to T lymphocytes. The increasing importance of immunopeptidomics and its use in personalized medicine in different fields such as oncology or autoimmunity demand the correct analysis of the peptide repertoires bound to human leukocyte antigen type 1 (HLA-I) and HLA-II molecules. Purification of the peptide pool by affinity chromatography and individual peptide sequencing using mass spectrometry techniques is the standard protocol to define the binding motifs of the different MHC-I and MHC-II molecules. The identification of MHC-I binding motifs is relatively simple, but it is more complicated for MHC-II. There are some programs that identify the anchor motifs of MHC-II molecules. However, these programs do not identify the anchor motif correctly for some HLA-II molecules and some anchor motifs have been deduced using subjective interpretation of the data. Here, we present a new software, called PRBAM (Peptide Repertoire-Based Anchor Motif) that uses a new algorithm based on the peptide-MHC interactions and, using peptide lists obtained by mass spectrometry sequencing, identifies the binding motif of MHC-I and HLA-DR molecules. PRBAM has an easy-to-use interface, and the results are presented in graphics, tables and peptide lists. Finally, the fact that PRBAM uses a new algorithm makes it complementary to other existing programs.
Introduction
Major histocompatibility complex (MHC; human leukocyte antigen, HLA, in humans) is a gene-dense DNA region that contains some of the most polymorphic genes in the genome. The association of several HLA alleles with different human diseases is well known. 1 Some of the genes present in the MHC encode two types of heterodimeric glycoproteins: MHC class I (MHC-I), composed of an a (or heavy) chain and an invariant subunit called b 2 -microglobulin (b 2 m), the latter encoded outside the MHC; and MHC class II molecules (MHC-II), composed of a and b subunits encoded by genes located in the class II region of the MHC. The MHC is polygenic with several genes encoding classical MHC molecules: A, B and C for class I and DR, DP and DQ for class II. MHC-I are expressed on the surface of almost all nucleated cells, whereas MHC-II are only present in antigenpresenting cells: dendritic cells (DCs), macrophages, B cells and also in thymic epithelial cells. MHC-I molecules principally bind peptides generated during the catabolism of endogenous proteins located in the cytosol and nucleus and present them to CD8 + T lymphocytes. MHC-II proteins mainly present peptides generated from the Abbreviations: DCs, dendritic cells; DMP, deviation from the mean in the proteome; HLA, human leukocyte antigen; MHC-I, class I MHC molecule; MHC-II, class II MHC molecule; MHC, major histocompatibility complex; MS, mass spectrometry; pHLA-DR, peptide-HLA-DR complexes; ROC, receiver operating characteristic; b 2 m, b 2 -microglobulin
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degradation of proteins of the endocytic pathway to CD4 + T lymphocytes. The MHC-I a chain and the MHC-II a and b chains contain a short intracellular part, a transmembrane domain and a large extracellular segment. The two most distal extracellular domains of the heavy chain form the peptide binding site, which in MHC-II is composed by the most distal domains of the a and b chains. Both class I and class II binding sites are structurally very similar, forming a groove with a floor composed of eight antiparallel b strands and two a helices acting as the walls of the structure. The ends of the MHC-II groove are open, and the peptides normally extend outside the cleft, whereas in MHC-I both ends are closed and the N and C termini of the peptide are anchored in the groove. Natural ligands of MHC-I molecules are 8-to 13-mer in length, most of them 9-mer. The central part of the MHC-I peptide ligands longer than nine residues bulges out the groove, maintaining the N and C termini anchored to the binding site. [2] [3] [4] MHC-II molecules normally have an amino acid number ranging from 12 to 18, with an average residue number of 15-16, although longer peptides are not uncommon. The core anchored to the binding site comprises nine residues, and it is usually located in the central part of the peptide. MHC-II molecules can bind peptide families (or nested sets) that are comprised of peptides derived from the same protein, with a core interacting with the binding groove and N-and C-terminal extensions at both ends.
The MHC binding groove contains some cavities or pockets, with different physicochemical features, where the side chains of specific residues of the peptide interact with the side chains of specific residues of the MHC molecule. The anchor residues in contact with MHC molecules define the binding motif of a specific MHC allotype. Normally, side chains of residues with certain physicochemical features can be accommodated to certain pockets. Hence, some pockets only accept hydrophobic residues, others have preference for basic or acidic residues, others will allow only small polar residues, etc. Nevertheless, the pockets are highly variable in terms of stringency. Therefore, some pockets can bind only one or two amino acids while others almost lack any restriction.
As the pockets usually allow different amino acids and the MHC-II ligands are longer than the binding core, several theoretical peptide cores of a specific MHC-II peptide ligand can theoretically interact with the binding groove of a specific MHC-II molecule. Hence, some peptides can bind an MHC-II molecule using several core registers. 5 However, most of the crystal structures containing a specific MHC-II molecule with a unique ligand showed that the peptide usually interacts with the MHC-II allotype using a unique core. 6, 7 Most of the HLA-II-peptide interactions have been studied with HLA-DR molecules. The HLA-DR a chain is conserved and all polymorphic residues of the binding site are located in the b1 domain. The peptide anchor residues to HLA-DR are normally those located in the P1, P4, P6 and P9 core positions. Importantly, the P1 pocket allows aliphatic and aromatic hydrophobic residues. 8 Binding assays have been used in different seminal studies to define the anchor motifs of HLA-DR molecules. 9, 10 These binding assays often use peptides that are identical except for some residues in specific positions. Analyzing the affinity of each peptide, it is possible to define the anchor motif of a specific HLA-DR molecule. However, these experiments require the use of many different peptides. Ideally, a total of 20 9 (512 000 000 000) peptides should be used to cover all the binding possibilities and makes it impossible to be performed. This approach can be used in combination with tetramer technology, as used to define the HLA-DRB1*14:01 binding motif. 11 Peptide libraries have been used for more than two decades, 12 in which random peptides were cloned, using phage vectors, and their binding screened with the MHC molecule in different rounds of selection to describe the binding motif. However, the HLA-I binding motif obtained using this approach has been reported to differ in the C-terminal residue from that obtained from eluted peptides. 13 'In-pool' Edman sequencing of the peptides eluted from HLA-I molecules have been successfully used.
14 However, this technology is difficult to use for MHC-II molecules because the position of the core regarding the first peptide residue can change between different peptides.
Another method to identify the peptide binding motifs of MHC-I and MHC-II molecules is analysis by mass spectrometry (MS) of individual peptides contained in the repertoires of a specific allotype. These repertoires are normally obtained after the purification by affinity chromatography of the MHC molecules and ulterior elution of the peptide pools bound to them. In humans, the most extended cell model to purify these peptide pools are lymphoblastoid cells, which are normally homozygous for the MHC molecule of interest. For HLA-I, the cell line HMy2.C1R (with very low expression of HLA-I) transfected with the gene encoding the molecule of interest has also been used. [15] [16] [17] In addition, for HLA-DR, BLS cells (with no expression of HLA-II) transfected with the HLA-DRA and HLA-DRB1 genes have been used. 18 Although the evident power of these tools, the use of real MHC ligands and new algorithms can complement the use of binding assays data. Hence, it was described that NetMHCIIpan 3.1 assigned, for most of the peptides eluted from HLA-DRB1*15:01, a higher theoretical affinity to HLA-DRB5*01:01 than to the molecule from which they were eluted. A new algorithm based on the anchor motifs deduced from the peptide repertoires was developed, giving a core assignation similar to that obtained with NetMHCIIpan and a better allele assignation. 19 Therefore, data from new algorithms based on MHC peptidomes can be complementary to those provided from bioinformatics tools based in binding assays data.
Here, we describe a new software, called PRBAM (Peptide Repertoire-Based Anchor Motif) to define the anchor motif of MHC-I and HLA-DR molecules based on the MS-sequenced peptide repertoires associated with them. The program is based on the statistical analysis of the peptide lists obtained by MS after the purification of the peptide pools bound to MHC-I or HLA-DR molecules. The program comprises two modules, one for MHC-I and the other for HLA-DR. For MHC-I, the analysis generates the anchor motifs of 8-, 9-, 10-, 11-, 12-and 13-mer. To find the HLA-DR core, the program processes the data using consecutive cycles of refinement based on the relative abundance of the residues present in each core positions found in the previous cycle. Hence, each cycle refines the previous one, generating a final frequency distribution of each amino acid in each anchor position. The program generates different informative screens: (i) a graphical representation of the abundance of each amino acid in each core position regarding their abundance in the proteome; (ii) the previous information in table format; (iii) in the case of HLA-DR, a list with the selected core for each peptide and the corresponding score.
Materials and methods
PRBAM is a web application written in PHP 5.3, HTML and JavaScript on backend and frontend, respectively. The application core was based on CODEIGNITER v2.1.4 (http://www.codeigniter.com), which is a web framework that uses the MVC (Model-ViewController) design pattern to organize the code. CODEIGNITER was created by EllisLab (http://www.ellis lab.com) and it is now a project of the British Columbia Institute of Technology (http://www.bcit.ca/cas/c omputing). From a backend dependencies perspective, report generation is the most complete part of PRBAM, because it needs three basic components to create them. The PHP libraries used to do this task are the following: (i) PHPEXCEL (http://www.codeplex.com/ PHPExcel) for EXCEL spreadsheet creation; (ii) JPGRAPH (http://jpgraph.net) for graph plotting; and (iii) FPDF (http://www.fpdf.org) for PDF file creation. On the frontend side, the entire application used JQUERY v1.8.3 (http://jquery.com) and BOOTSTRAP v3.1.1 (http://getboot strap.com) as an HTML, CSS and JavaScript framework. For chart plotting FLOT (http://www.flotcharts. org) was used, which is a JavaScript plotting library for JQUERY.
The program algorithm is described in the Results section.
Statistical analysis
The statistical analysis was made as previously described. 28 Briefly, the frequency of each residue at each peptide position (fobs) was compared with the frequency of the same amino acid in the database (fexp) under the null hypothesis that fobs ≤ fexp. Preliminary P-values for each residue and position were calculated assuming a binomial distribution with P = fexp. Definitive P-values were obtained by subjecting preliminary P-values to multiple testing correction as follows:
For MHC-I, k is the number of residues of each peptide in the set tested (i.e. k = 9 in the 9-mer set). P-values below 0Á05 were considered statistically significant. For HLA-DR, k has always a value of 9, as it is the number of residues considered in the peptide binding core.
Results

Description of the program
PRBAM is a new bioinformatics tool located as a web application (www.prbam.org) comprising two modules: MHC-I and HLA-DR. The interface is simple and easy to use. The user has to select which module (MHC-I or HLA-DR) they want to use depending on the MHC molecule from which the peptide pool was eluted, upload a peptide list in txt or fasta format and click the SUBMIT button. A diagram of the program is shown in Fig. 1 .
(1) MHC-I MODULE: This module identifies the anchor motif of a specific MHC-I allotype. The lists can contain MHC-I peptide ligands of any length, although only peptides with a length ranging from 8 to 13 residues will be analyzed. The program classifies them into a maximum of seven lists: six lists grouping the peptides with a specific length ranging from 8 to 13 residues and an additional one with the non-analyzed peptides (shorter than 8-mer or longer than 13-mer). For each list of peptides ranging from 8 to 13 residues, the program generates a table with the relative abundance of each amino acid in each peptide position. This list is used to define the ratio between the experimental abundance of each amino acid residue in each position with the corresponding abundance in the human proteome. This ratio is named Deviation from the Mean in the Proteome (DMP). The data of the human proteome were those described previously. 28 There are two different output results for each peptide length analysis: (i) charts showing amino acid frequencies in DMP; (ii) frequency table in DMP with statistically significant results highlighted (see Materials and Methods). Also, a non-analyzed peptide list is shown. This methodology was previously used to define the anchor motifs of several HLA-B27 subtypes 29 and HLA-B*40:01. 28 (2) HLA-DR MODULE: In contrast to MHC-I ligands, peptides bound to any specific HLA-DR molecule can usually have different core possibilities that could theoretically accommodate to the corresponding binding groove. However, for most of the peptides only one 9-residue core is anchored to the binding site. To systematize and define the binding motifs of the HLA-DR molecules a methodology based on the knowledge of how peptides interact with HLA-DR molecules was used. Hence, some premises were considered: (i) all of the HLA-DR molecules bind a hydrophobic residue at P1 position; (ii) the main peptide anchor residues of their ligands are located in the P1, P4, P6 and P9 positions of the anchor core; (iii) in addition to these positions, other ones can modulate the binding of the peptide and additional anchor positions can exist in some molecules; (iv) a high enough number of HLA-DR ligands Table  Table  Cores  Peptide 
Program functionality test
The good functionality of the program was tested with previously published data. For the MHC-I module we used the list of HLA-B*40:01 natural ligands previously published by Marcilla et al. 28 The program generated exactly the same results that had been previously described (data not shown) as it was just a systematization of the analysis made previously. 28, 29 To test the correct anchor motif assignation using the HLA-DR module, we considered at first a list of peptides eluted previously in our laboratory from HLA-DRB1*10:01 (DR10).
30 DR10 anchors aromatic residues (principally Tyr and Phe) in the P1 core position and, in lower quantities, other hydrophobic residues, mainly Ile and Leu. In P4, the most abundant residues are Leu and Ile. The preferred amino acids in P6 are Pro, Ala and Val. in P9. In addition, P8 seems to be another position with restrictions, having a preference by basic residues and Tyr. 30 The program identified the same anchor motif with identical anchor residues with slight differences in the DMP values (Fig. 3) . To confirm the reliability of the program, a second independent peptide pool eluted from HLA-DR10 31 was analyzed with PRBAM. The result was similar to that obtained with the first data set (Fig. 3) , demonstrating the proper functioning of the program.
To perform additional analysis, five peptide lists containing HLA-DR peptide ligands were chosen: first, a data set gathering together the previous lists of HLA-DR10 ligands, and four peptide pools obtained from HLA-DRB1*01:01 (DR1), 31 HLA-DRB1*08:01 (DR8), 32 DRB1*15:01 (DR2b) 19 and DRB5*01:01 (DR2a). 19 Different methodologies had been used to define the binding motif of these HLA-DR molecules in these reports. As said above, PRBAM has a limit of 100 cycles of refinement. We studied if this number of steps is enough to obtain equilibrium. The analysis of the lists containing the peptide ligands of DR1, DR8, DR10, DR2b and DR2a generated changes in the residues, and consequently in the cores assigned during the first steps of the analysis. The final result was obtained, in cycle 6 for DR1, cycle 7 for DR8, cycle 5 for DR10, cycle 6 for DR2b and cycle 5 for DR2a (data not shown).
Comparison with NetMHCIIpan
Probably, the most used bioinformatics tool for the analysis of MHC-II immunopeptidomes is NetMHCIIpan. This is a powerful program that predicts peptide binding to HLA-DR, -DQ and -DP molecules, identifying the anchor core. It is based on binding assays of an extremely large number of peptides to different MHC-II molecules and neural networks.
To evaluate the assignation of the binding cores by PRBAM, we compared the selected cores with those assigned by NetMHCIIpan from the immunopeptidomes of DR1, DR8, DR10, DR2b and DR2a. As shown in the Supplementary material (Fig. S1) , the anchor motifs obtained using NetMHCIIpan and PRBAM were similar for all HLA-DR allotypes considered. The degree of similarity of the cores chosen by both programs were evaluated. For DR1, 80Á5% of the cores were identical, 58Á3% for DR8, 82Á3% for DR10, 76Á7% for DR2b and 65Á1% for DR2a (see Supplementary material, Table S1 ). It is important to note that most of the peptides with different cores between PRBAM and NetMHCIIpan are peptides with low affinity. An exception occurs with DR8, with the lower similarity for the chosen cores, where some cores are different among the peptides with relatively high affinity.
A Receiver Operating Characteristics (ROC) curve was carried out with the data obtained with the two peptidomes of DR10. Both peptide lists were analyzed with NetMHCIIpan and PRBAM (a matrix generated with the list made putting together both DR10 datasets was used).
The affinity values (arbitrary score for PRBAM and estimated IC50 for NetMHCIIpan) were compared in ROC curves. With small differences, the curves were near the diagonal indicating that, as expected, the differences in the affinity are low when two different data sets from the 
Deviation from the mean in the proteome (DMP) same HLA-DR molecule are analyzed with NetMHCIIpan ( Fig. 4a) and PRBAM (Fig. 4b) .
On the other hand, it can be assumed that the peptides eluted from a specific HLA-DR molecule have more affinity for it than for any other HLA-DR allotype. To evaluate whether this is detected by both programs the average affinity of all peptides presented in each peptidome was calculated. In all cases, PRBAM calculated a higher affinity for the HLA-DR molecule from the peptide pools obtained in comparison with any other allotype (Fig. 5 , left panels). However, with NetMHCIIpan, DR1 and DR10 were the molecules with the highest average affinity independently of the origin of the peptidomes (Fig. 5,  right panels) .
In order to evaluate the potential of both programs to distinguish the affinities between different allotypes, ROC curve analysis was performed for the different data sets obtained from the five alleles. Hence, each peptidome derived from each HLA-DR molecule was analyzed with PRBAM and NetMHCIIpan, and the score (PRBAM) or IC50 (NetMHCIIpan) values were defined for each peptide-DR complex and represented as a ROC curve. As shown in the Supplementary material (Fig. S2) , PRBAM was able to discriminate between the affinity for the molecule from whom they were eluted and the rest of the molecules. This was similar for DR1 and DR10 with NetMHCIIpan (the Supplementary material, Fig. S2a and  c) . However, in the case of NetMHCIIpan for DR8, DR2b and DR2a, ROC curves representing the different theoretical affinities were close to the diagonal in many cases, indicating that this program could not show significant differences in the affinity of the peptides eluted from these molecules to them or to other allotypes (see Supplementary material, Fig. S2b, d and e) .
Discussion
The identification of binding cores for MHC molecules is of great importance for the prediction and identification of new T-cell targets in different diseases (e.g. cancer, autoimmune diseases). In the case of MHC class I molecules, it is relatively direct and the anchor motifs of many molecules are known. Hence, the identification of putative epitopes, derived from protein candidates, presented to T cells in patients with a specific HLA-I haplotype is relatively easy. In the case of HLA-DR, the identification of the anchor motif is much more complex because it is not easy to select the correct peptide register that is interacting with the HLA-DR molecule. Hence, the correct binding motifs of many HLA-DR alleles abundant in the population remain still unclear, not well defined or deduced from a few peptides in a subjective way.
PRBAM is a new tool developed, using a rationale and automatic methodology based on the interactions of peptide with MHC molecules, to decipher the anchor motifs of specific MHC-I and HLA-DR molecules from eluted and MS-sequenced peptides. The program is easy to use and direct. The entry format is a peptide list in txt or fasta format and the output consists of graphics and tables indicating the variation in the frequency of any amino acid residue in any of the interacting core positions. The abundance of each residue is normalized with the abundance of this specific amino acid in the proteome. The resulting parameter, named DMP, is more consistent than the experimental relative abundance of an amino acid as it represents the real increase of an amino acid in relation to the expected abundance, avoiding the selection of some residues as favored when they are simply more abundant in the human proteome. To our knowledge, this is the first program to make this correction, although it has been made manually for some HLA-I 28,29 and HLA-DR peptide repertoires. 19, 30 PRBAM contains two independent modules: MHC-I and HLA-DR. The MHC-I module analyzes individually peptides from 8 to 13 residues. Longer peptide ligands bulge outside the binding groove, making the correlation of the anchor positions more difficult for peptides with different lengths. Most of the peptides bound to MHC-I molecules are 9-mer and the abundance of 8-, 10-and 11-, 12-and 13-mer can also be relevant. Peptides shorter than 7-mer or longer than 13-mer are not considered because their abundance is very low among the HLA-I ligands.
The automatic analysis of the HLA-DR repertoires is more complex because the program must choose the binding core from among the different 9-mer contained in the peptide sequence. To solve it, the algorithm is based on consecutive cycles of analysis, using the matrix generated in the previous cycles, which allows the refinement of the motif generated in each cycle.
The program selects cores with one of the next amino acids in P1: Tyr, Phe, Trp, Leu, Ile, Val, Met or Ala. These residues have been previously described to interact in the P1 pocket of the studied HLA-DR molecules. [8] [9] [10] 33 The residues forming this pocket are highly conserved. The unique polymorphism reported to have influence in the residues bound in P1 is a dimorphism at the position 86 of the DRb chain. Hence, with some exceptions in a few, very infrequent, alleles, the DRb86 position contains Gly or Val, which influences the P1 specificity. [34] [35] [36] The alleles containing Gly86 have a predominance of Phe1, Trp1 and Tyr1, compared with the alleles containing Val86, which have a preference for smaller hydrophobic residues. [37] [38] [39] However, the presence of Gly86 or Val86 does not exclude the binding of peptides with any of the hydrophobic residues at the core P1 position. Hence, peptides with Phe1, Trp1 or Tyr1 can bind to those allotypes containing Val86 and peptides with small hydrophobic residues can bind to the HLA-DR molecules with Gly86. It is possible that other residues may interact with the HLA-DR molecule in the core P1 position, but the number of peptides with a non-hydrophobic residue in P1 must be very low and should not alter the binding motif.
The first step of the analysis is of great importance. Usually, there are several putative cores for each peptide and, usually, only one is correct. Therefore, the first frequency distribution is generated from a list of 9-mer containing many 'wrong' cores. To avoid the noise coming from them, at this first step only the sum of the frequencies of positions P4-P6-P9 was considered. These positions are the usual anchors for HLA-DR molecules. Hence, the use of these limited positions should introduce less error in this first step than if all core positions were considered. A wrong selection of the core at this first step would probably amplify errors during the next steps. As other positions can somehow modulate the binding of the peptide, during the next refinement cycles all peptide core positions are considered. The program was able to identify the anchor motifs of DR1, DR8, DR10, DR2b and DR2a in a similar way to NetMHCIIpan, probably the program of reference, confirming the correct design of the algorithm.
The rationale of the program assumes that the anchor motif can be refined with consecutive cycles of analysis.
We have used a maximum of 100 cycles. This seems to be enough, as in the peptide lists used, no change in the residue usage was obtained further than cycle 7. The limit of 100 cycles is due to the possibility that one change can be alternatively obtained in consecutive cycles, making it impossible to arrive at the final assignation of a residue (for example, if in a cycle the program chooses a Tyr, the next cycle a Phe, the next cycle a Tyr, Phe, Tyr, etc.).
Unlike other programs, PRBAM uses an algorithm based on the knowledge of the features of the HLA-DRpeptide interactions (i.e. the presence of hydrophobic residues at P1, or the assignation of P1-P4-P6-P9 as the putative anchor residues). In addition, the program normalizes the data obtained in each step with the relative abundance of the amino acid residues in the human proteome. These points of the analysis make PRBAM a powerful tool regarding other bioinformatics tools.
The a chains of HLA-DP and HLA-DQ are polymorphic and the residue restriction in P1 is more variable than in HLA-DR. As a result, HLA-DQ7 (HLA-DQA1*03:01/DQB1* 03:01) and HLA-DQ8 (HLA-DQA1*03:01/DQB1*03:02) are able to bind acid residues at P1. 40, 41 Hence, although PRBAM can probably be used for many HLA-II molecules other than HLA-DR, we prefer to be conservative and consider its use only for MHC-I and HLA-DR.
It is important to emphasize the difficulty of defining the anchor motif for many HLA-DR molecules when using homozygous cells due to the fact that, in some haplotypes, different HLA-DRb genes are expressed. Some haplotypes, such as those containing the molecules DR1, DR8 or DR10, only express the gene product encoded in the DRB1 locus. On the other hand, some DRB1 alleles are simultaneously expressed together with DRB3, DRB4 or DRB5 alleles. Hence, DR3, DR5 and DR6 are expressed together with DRB3, DR4, DR7 and DR9 with DRB4, and DR15 and DR16 with DRB5. The presence of the products of two genes implies that the peptides identified from these cells after the purification of the peptide-HLA-DR (pHLA-DR) complexes using a non-allele-specific monoclonal antibody (such as the most used L243 and B8.11.2) come from two different HLA-DR molecules. Regardless of the algorithm used by any program, for those HLA-DR haplotypes expressing two different molecules new experimental strategies that allow the purification of each HLA-DR repertoire separately are required.
The comparison with NetMHCIIpan showed that both programs are similar in the identification of the anchor motifs. However, the identification of the binding cores for individual peptides differed in some of them. For DR1 and DR10, the coincidence was > 80%, for DR2b > 75% and for DR2a it was > 65%, whereas for DR8 it was < 60%. Therefore, although the anchor motif can be similar using NetMHCIIpan and PRBAM, different binding cores are obtained for some individual peptides. In our opinion, PRBAM identifies some of these cores better than NetMHCIIpan. For example, Asp is favored in P9 for the peptides bound to DR8. Many of the peptides eluted from DR8 with different binding cores obtained with PRBAM and NetMHCIIpan present an Asp in the core selected by PRBAM and other amino acids with NetMHCIIpan. These data strongly suggest that PRBAM shows an advance in the selection of the binding cores for some HLA-DR allotypes. The average affinity calculated for DR1 and DR10 by NetMHCIIpan was higher than for DR2b and DR2a (Fig. 5) . Finally, the peptides eluted from DR8 presented the lowest theoretical affinity for DR8 than the other peptidomes for the corresponding allotype (Fig. 5) . In fact, NetMHCIIpan calculated a higher affinity for DR1 and DR10 of all peptidomes independently from the HLA-DR molecule that was eluted. In the case of PRBAM, the higher average affinity of the peptidomes was always for the HLA-DR molecule from which the peptides were identified. In our opinion it can affect the binding cores selected by NetMHCIIpan, which is excellent for the alleles with a higher theoretical affinity but probably is less efficient for DR8 and other alleles. In a previous work 19 the binding motifs of DR2a and DR2b, both present in the HLA-DR15 haplotype, were identified. When the theoretical binding affinity of the peptides eluted from DR2a was calculated with NetMHCIIpan, 89% of the peptides presented a higher theoretical affinity to DR2a in comparison with DR2b. However, the same analysis for the DR2b-eluted peptides showed that only 43% of the peptides had a higher theoretical affinity for DR2b than for DR2a.Hence, NetMHCIIpan overestimates the binding affinity for some alleles and underestimates it for others. In the presented manuscript, that can be seen for DR1 and DR10, which present the higher affinity for all the analyzed peptide pools, regardless of the HLA-DR molecule from which they were eluted (Fig. 5) . In addition, the theoretical binding affinity of many peptides eluted from DR8 calculated with NetMHCIIpan had low affinity. The average binding affinity is higher than 3422 lM, which is normally considered as being non-binding. This can be also be seen with the ROC curves, where those obtained for DR1 and DR10 discriminate very well regarding the other peptidomes, but in the case of DR8 all the curves are close to the diagonal, indicating that NetMHCIIpan cannot discriminate the affinity of the peptides bound to DR8 regarding other HLA-DR molecules (see Supplementary material, Fig. S2 ).
In conclusion, PRBAM is an easy-to-use online software covering the essential requirement of a program for the analysis of the high number of MHC peptide ligands identified by MS to obtain the binding motif of specific MHC molecules. The program uses for HLA-DR, unlike other statistical approaches, a rationale based on the features of the peptide-MHC interaction. Finally, the use of this software may generate a systematic interpretation of peptide lists obtained by MS and can be complementary to other programs based on experimental binding affinities such as NetMHCIIpan.
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